Introduction
In order to combine epitaxial semiconductor nanowires grown via a bottom-up process such as the VLS (vapor-liquid-solid) technique with conventional Si micro/nanoelectronics, the control of the growth direction of the nanowires is one of the most important issues. Usually, homo-epitaxial Si nanowires on bare Si (100) substrates grow along <111>, <110>, and <112> directions, depending on the diameter of the nanowires [1] . However, <100> nanowires, which would be important to combine vertical nanowire transistors with conventional microelectronics on (100) substrates, had been reported only in few cases for non-epitaxial growth. Recently, we reported epitaxial Si (100) nanowires on Si (100) substrate using anodic aluminum oxide (AAO) which has nano-sized pores aligned vertical to the substrate as a template to grow the nanowires [2, 3] .
For epitaxial Ge nanowires on Si (100) it is also difficult to control the growth direction perpendicular to the substrate. Additionally, the gas germane which is highly toxic was used for preparation of Ge nanowires by CVD (chemical vapor deposition) process in previous work [4] . In this study, using less toxic precursors in comparison with germane, we prepared epitaxially grown Ge nanowires on Si (100) substrate, and aimed to epitaxial growth of vertical Ge nanowires on Si (100) substrate using AAO template.
Experiment and result
We prepared Ge nanowires catalyzed by Au on bare Si (100) substrates and in AAO templates. The AAO membrane on Si (100) substrate was prepared by the same procedure as in the previous report [2] . The catalyst Au was deposited at each pore bottom on the Si surface by electroless deposition. In the case of bare a Si substrate, Au was deposited by electron beam evaporation in ultrahigh vacuum condition. To grow Ge, a n-butylgermane liquid source was installed at the UHV-CVD system. The background pressure in the UHV system was lower than 10 -9 mbar, and the growth pressure after filling in the n-butylgermane was 3.0 * 10 -1 mbar. The CVD process was carried out at 370 o C. Fig. 1 shows a top view SEM image after Ge CVD process on bare Si substrate. The nanowires have bright contrast in this image, while they tend to grow along several growth directions. All nanowires grew either along the <111> or the <110> direction of the substrate. They never grew along the [100] direction. This result suggests that the nanowires were epitaxially grown on bare Si (100) substrates similar to the homoepitaxial growth of Si nanowires on Si (100) substrates [1] , and n-butylgermane can be used as precursor to grow Ge nanowires.
Although epitaxial nanowires were grown, the control of growth orientation was not possible on bare Si (100) substrate. We, therefore, grew the nanowires in AAO templates to force the growth direction of the wires along the AAO pore direction perpendicular to the substrate. Fig. 2 shows a cross sectional TEM image of the Ge nanowires in the AAO template. Each nanowire has an Au particle with strong dark contrast on the top, and the wires were grown perpendicular to the Si (100) substrate. They fit to the pores with a diameter of 60 nm. At the surface of the AAO membrane, some parasitic deposition of Ge was observed. Fig. 3 shows an EDX spectrum of part of the nanowires. Inserted spectrum shows enlargement with energy range from 0 to 2.5 keV. Due to an electron beam diameter of about 200 nm, which is larger than the nanowire diameter, several peaks were observed in addition to Ge. O and Al peaks arise mainly from the AAO template, and Au was from the catalyst on top of the nanowires. Although we expect a small amount of Si contained in the Ge nanowires, the Si peaks seems to originate mainly from the Si substrate.
Conclusions
Au catalyzed vertical Ge nanowires were grown on a bare Si (100) substrate and in an AAO membrane using n-butylgermane as precursor. On the bare Si (100) substrate, the nanowires were grown along Si <111> and <110> directions. In the AAO pores, the growth direction of the wires was forced perpendicular to the substrate along the Si [100] direction.
